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Introduction

e Successful Scaling Requires Ice-Shape Simulation
— Scale and Reference Non-dimensional Shapes Agree

— Correct Relation of Scale Test Conditions to Reference
Depends on Correct Description of Physics

e Similitude Analysis Needed
— Identify Most Important Physical Phenomena
— Non-Dimensional Parameters
— Equate Scale and Reference Parameters

* Bilanin’s Buckingham-r Analysis (1988)
— 18 Similarity Parameters
— Need only 6 to Define Scale Conditions



Similarity for Icing Scaling

* Geometric

* Flowfield

* Drop Trajectory
* Water Catch

* Energy Balance

e Surface Phenomena



Geometric Similarity

Scale and Reference Models have Same Non-dimensional
Coordinates



Flowfield Similarity
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Drop Trajectory Similarity
Modified Inertia Parameter (Langmuir and Blodgett), K,
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Drop Trajectory Similarity
Stagnation Collection Efficiency, g,
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Stagnation Collection Efficiency, g,

Drop Trajectory Similarity

Stagnation Collection Efficiency
NACA 0012
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Local Collection Efficiency, S

Drop Trajectory Similarity

LEWICE Collection Efficiency
NACA 0012
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Drop Trajectory Similarity
Collection Efficiency for Scaled Test Conditions
NACA 0012
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Drop Trajectory Similarity

Effect of Drop Size
24-in-Chord GLC 305 Airfoil at 0°’AOA; n, = 0.28
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Drop Trajectory Similarity

Effect of Drop Size
24-in-Chord GLC 305 Airfoil at 0°’AOA; n, = 0.52
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Drop Trajectory Similarity
Summary

Langmuir and Blodgett g, Expression Consistent with LEWICE

If Trajectory Similarity is Achieved at Stagnation, f-Curve will
Match Everywhere on the Model

K, (or B,) Appears to Have Little Effect on Main Shape
K, (or B,) Match Needed for Impingement Limits

If Main Ice Shape of Primary Interest, K, (or 5,;) Does not Have to
Match Exactly



Water-Catch Similarity
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Water-Catch Similarity
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Water-Catch Similarity
Accumulation Parameter




Energy-Balance Similarity



Energy-Balance Similarity

Freezing Fraction
Messinger’s Energy Balance Evaluated at Stagnation
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Energy-Balance Similarity

Freezing Fraction
Messinger’s Energy Balance Evaluated at Stagnation
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Energy-Balance Similarity
Effect of Temperature

NACA 0012
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Energy-Balance Similarity

Effect of LWC

NACA 0012
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Energy-Balance Similarity

Effect of LWC — Constant n,
NACA 0012
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Energy-Balance Similarity
Validation of Messinger Freezing Fraction
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Experimental Freezing Fraction, ng

Energy-Balance Similarity
Validation of Messinger Freezing Fraction
at Stagnation
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Energy-Balance Similarity

Validation of Messinger Freezing Fraction
Rime and Near-Rime Shapes
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Energy-Balance Similarity
Summary

* Ice Shape Sensitive to Value of n,
* b, ¢ and 6, Appear to Have Little Effect on Main Shape

* Messinger n, Expression Consistent with Experimental Ice Shapes



Surface-Water Phenomena Similarity



Surface-Water Similarity

Effect of Surfactant on Ice Shape
2-in-Diam Cylinder
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Surface-Water Similarity
Effect of Velocity on Ice Shape
2-in-Diam Cylinder
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Surface-Water Similarity
Defining the Surface-Water Similarity Parameter

* Weber Number Includes Effects of
— Surface Tension (Surfactant)
— Velocity

* We=V?Lp/o,,,
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Surface-Water Similarity
Density Term in We
Air or Water?

* PBartlett (1986, 1988)
— AEDC
— No Effect of Altitude (Pressure) on Ice Shape

®* Oleskiw, et al (1996)
— NRC
— No Effect of Altitude (Pressure) on Ice Shape

® Conclusion
— Air Density, p,, in We is Unlikely
— Water Density, p,,, is Probable



Surface-Water Similarity
Weber-Number Similarity Parameter

We, = v? pr/aw/a
Where L ocd

WeL = V2 dpw/aw/a



Summary

Geometric Similarity
— Define Scale Model Coordinates

Flowfield Similarity
— Not Used

Droplet Trajectory Similarity
— Match K, to Determine Scale Drop Size
— Not as Important as Once Thought for Main Ice Shape

Water-Catch Similarity
— Match A_to Define Scale Time



Summary (con’t)

* Energy-Balance Similarity
— Match n,to Calculate Scale LWC or Temperature
— Messinger n, Consistent with Experimental Results
— Parameters b,, ¢ and 6, Appear to be of Little Importance

* Surface-Water-Phenomena Similarity
— Match We, to Find Scale Velocity
— Physics not Fully Understood



